Abstract Certain aminoglycosides are capable of inducing "translational readthrough" of premature termination codons (PTCs). However, toxicity and relative lack of efficacy deter treatment with clinically available aminoglycosides for genetic diseases caused by PTCs, including cystic fibrosis (CF). Using a structure-based approach, the novel aminoglycoside NB54 was developed that exhibits reduced toxicity and enhanced suppression of PTCs in cellbased reporter assays relative to gentamicin. We examined whether NB54 administration rescued CFTR protein and function in clinically relevant CF models. In a fluorescencebased halide efflux assay, NB54 partially restored halide efflux in a CF bronchial epithelial cell line (CFTR genotype W1282X/F508del), but not in a CF epithelial cell line lacking a PTC (F508del/F508del). In polarized airway epithelial cells expressing either a CFTR-W1282X or -G542X cDNA, treatment with NB54 increased stimulated short-circuit current (I SC ) with greater efficiency than gentamicin. NB54 and gentamicin induced comparable increases in forskolin-stimulated I SC in primary airway epithelial cells derived from a G542X/F508del CF donor. Systemic administration of NB54 to Cftr−/− mice expressing a human CFTR-G542X transgene restored 15-17% of the average stimulated transepithelial chloride currents Med (2011) 89:1149-1161 DOI 10.1007 observed in wild-type (Cftr+/+) mice, comparable to gentamicin. NB54 exhibited reduced cellular toxicity in vitro and was tolerated at higher concentrations than gentamicin in vivo. These results provide evidence that synthetic aminoglycosides are capable of PTC suppression in relevant human CF cells and a CF animal model and support further development of these compounds as a treatment modality for genetic diseases caused by PTCs.
Introduction
Cystic fibrosis (CF) is caused by mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) and results in significant morbidity and early mortality in affected individuals. Over 1,500 diseasecausing mutations in CFTR have been identified and can be divided into six major classes [1] . Nonsense mutations (a class I mutation type) are caused by a single nucleotide change that introduces an in-frame premature termination codon (PTC or nonsense mutation), resulting in absent functional protein and typically a severe CF phenotype [2, 3] . In-frame PTCs account for~11% of all described gene lesions causing human genetic diseases and 5-10% of disease-causing CF mutations in Caucasian populations. PTCs within CFTR are especially common in individuals of Ashkenazi Jewish decent, where they account for nearly 64% of CFTR mutations [4] .
A potential treatment for conditions caused by nonsense mutations includes the use of aminoglycosides or other agents to suppress the normal proofreading function of the ribosome at in-frame PTCs. This leads to insertion of a near-cognate amino acid, which then allows continued translation of the remainder of the open reading frame. This "translational readthrough" of nonsense mutations has been shown to restore protein function in a number of preclinical settings [5] [6] [7] [8] [9] [10] [11] . In several studies, aminoglycosides have been shown to partially rescue CFTR activity in human subjects with CF due to nonsense mutations, including following systemic administration of gentamicin [12, 13] and topical gentamicin delivered to the nasal airway [14, 15] . However, the approach has not been successful in all CF trials [16] , suggesting more effective compounds may be needed. Furthermore, significant toxicity is associated with long-term administration of aminoglycoside antibiotics. While one alternative is to use novel non-aminoglycoside small molecules such as ataluren (PTC124) [17, 18] , it may also be possible to rationally synthesize aminoglycosides and/or aminoglycoside mimetics optimized for maximal PTC suppression and minimal toxicity. Using a systematic structure-based approach, two synthetic aminoglycosides (termed NB30 and NB54) have been shown to enhance suppression of PTCs using dual luciferase readthrough reporters while also exhibiting reduced toxicity in cellular assays ( Fig. 1 ) [19] [20] [21] . Whereas the first-generation lead, NB30, exhibited significantly reduced cytotoxicity in comparison to gentamicin [20] and promoted dose-dependent suppression of nonsense mutations of the PCDH15 gene [21] , one of the underlying causes of type 1 Usher syndrome, suppression efficacy was significantly lower relative to that of gentamicin. In attempts to further improve suppression efficiency and reduce the toxicity of NB30, NB54 was developed as a second-generation lead structure [19] . NB54 exhibited significantly reduced cell, cochlear and acute toxicities, and substantially higher PTC readthrough potency than gentamicin in both in vitro and ex vivo studies [19] .
In this study, we provide evidence in several human CF cell lines and in primary human airway cells that NB30 and NB54 induce readthrough of CFTR PTCs and partially restore CFTR function as well as (and in some cases better than) gentamicin. We also show that NB54 restores a comparable level of CFTR expression and function as gentamicin in transgenic mice expressing a human CFTR-G542X cDNA. This provides the first evidence that a synthetic aminoglycoside is capable of PTC suppression in cell-based or animal models of a human disease.
Materials and methods
Materials used in this study Gentamicin sulfate injection, USP (10 mg/ml), was purchased from the UAB Hospital pharmacy (manufactured by Hospira, Inc., Lake Forest, IL). The synthetic compounds NB30 and NB54 were prepared and purified for biological assays as reported previously by us [19, 20] . All other chemicals and biochemicals, unless otherwise stated, were obtained from commercial sources. In all biological tests, synthetic aminoglycosides were in their sulfate salt forms [MW (in grams per mole) of the sulfate salts were as follows: NB30-563.0, NB54-652.8]. Purity of NB30 and NB54 were determined by using HPLC-ESI-MS analysis, which indicated 98.69% and 95.55% purity, respectively.
Growth of stable cell lines expressing recombinant CFTR CFTR-W1282X cDNA were stably transfected into HeLa and CFBE41o-cells using the TranzVector™ (Tranzyme, Inc., Birmingham, AL) as described [22] . Expression of the CFTR gene was coupled to the puromycin-N-acetyltransferase gene (puro) gene, allowing selection of a stable pool of cells expressing CFTR by growth with puromycin (4 mg/ml). Once selected, puromycin was removed and cells were maintained in DMEM supplemented with 10% FBS, penicillin, and streptomycin for all experiments, as previously described [23] .
Procurement and growth of primary human bronchial epithelial cells The UAB institutional review board approved use of human cells and tissues. Primary human airway epithelial cells were derived from lung explants of CF subjects who provided written informed consent and were confirmed to harbor two severe CFTR mutations (including the G542X premature termination codon) by methods described previously [24, 25] . Only first or second passage cells were seeded on permeable supports for studies. Once cells were 80-90% confluent, they were seeded on Snapwell 1.13 cm 2 permeable supports (1×10 6 cells/filter; Bayer, Pittsburgh, PN) or Costar 0.4-μm permeable supports (5×10 5 cells/filter; Bethesda, MD) after coating with NIH 3T3 fibroblast conditioned media, and grown in differentiating media containing DMEM/F12 (Invitrogen, Carlsbad, CA), 2% Ultroser-G (Pall, New York, NY), 2% Fetal Clone II (Hyclone, Logan, UT), 2.5 μg/ml insulin (Sigma), 0.25% bovine brain extract (LONZA), 20 nM hydrocortisone (Sigma-Aldrich), 500 nM triodothyronine (Sigma), 2.5 μg/ml transferrin (Invitrogen), 250 nM ethanolamine (Sigma-Aldrich), 1.5 μM epinephrine (Sigma-Aldrich), 250 nM phosphoethanolamine (SigmaAldrich), and 10 nM retinoic acid (Sigma-Aldrich) until terminally differentiated, as previously described [24, 25] .
SPQ studies of halide efflux in heterologous cells HeLa cells stably transfected with a lentiviral system carrying a CFTR-W1282X cDNA were studied with the halide quenched dye 6-methoxy-N-(3-sulfopropyl)-quinolinium (SPQ, Molecular Probes Inc., Eugene, OR) as described by the manufacturer and previously published [23, 26, 27] . Methods were similar for the functional screen in IB3 and CFNPE monolayers using SPQ fluorescence, with only minor differences. Cells were grown in a 96-well (full area) microtiter plates according to a microtiter plate map design. Cells were loaded with SPQ (2 mg/ml in DMEM) overnight (18 h), concurrent with administration of test drugs. SPQ Fig. 1 Shown are chemical structures of a series of 2-deoxystreptamine-derived (ring II) aminoglycosides relevant to this study, including the gentamicin congeners C 1 , C 1A , and C 2 ; kanamycin A; amikacin; NB30; and NB54. Ring numbers are designated by roman numerals. AHB (S)-4-amino-2 hydroxybutanoyl group fluorescence following addition of NaNO 3 buffer was read across the microtiter plate within a Turner Designs Multimode Plate Reader at a single time point. NaCl Ringer was used instead of NaI Ringer to quench SPQ fluorescence in the initial and recovery phase of the assay. For each assay, results were expressed as the change in fluorescence over basal, as previously published [23, 28, 29] . Cell toxicity of aminoglycosides was monitored using the CellTiterGLO luminescent cell viability assay (Promega, Madison, WI).
Voltage clamp studies in Ussing chambers Inserts were mounted in Ussing chambers, and short-circuit current (I SC ) was measured under voltage clamp conditions using MC8 voltage clamps and P2300 Ussing chambers (Physiologic Instruments, San Diego, CA) as previously described [24] . Mouse lines and treatment protocols The CFTR-G542X mice used in this study contained the Cftr tm1Cam knockout [30] and expressed a human CFTR transgene with the G542X premature stop mutation [17, 31, 32] (referred to as Cftr−/− hCFTR-G542X mice). Treatments consisted of subcutaneous injections of gentamicin or NB54 delivered in the hind limb once daily for 14 days. Additional detail is available in the online supplement. The animal protocols used in this work were reviewed and approved by the UAB Institutional Animal Care and Use Committee.
Short-circuit current measurements in mouse intestines Transepithelial I SC measurements and immunohistochemical staining of murine intestinal tissues were carried out as previously described [17, 31, 32] . In the setting of a serosal to mucosal chloride gradient, forskolin (10 μM) was added to both the mucosal and serosal solutions and I SC was continuously monitored for ≥10 min to ensure that a sustained response was obtained. Carbachol (100 μM) was then added to the serosal solution to further augment the chloride secretory gradient, and incubation was continued for an additional 5 min. The chloride gradient is imposed to improve sensitivity to detect CFTR activity, measured as the change in I SC from baseline (see dotted line, Fig. 6 ). While the baseline can frequently exhibit a gradual but consistent positive slope, based on previous experience [17, [31] [32] [33] , the stimulated I SC induced by the forskolin/IBMX is consistent with a cAMP-stimulated chloride current induced by the CFTR channel and is also inhibited by the CFTR inhibitor glybenclamide (the I SC returns to the extrapolated baseline).
Immunohistochemical staining of murine intestinal tissues Immunofluorescence experiments were carried out as previously described [17, 31, 32] . The human CFTR-specific antiserum #4,562 (rabbit) was raised against a TrpE fusion protein that included hCFTR NBD1 and a portion of the R domain (hCFTR amino acids 521-828).
Statistical analysis For cell-based and mouse intestinal short-circuit current measurements and fluorescencebased halide efflux, descriptive statistics (mean, SD, and SEM) and paired and unpaired t tests or ANOVA were performed using SigmaStat software (Jandel, CA), Graphpad Prism software (La Jolla, CA), and Microsoft Excel (Seattle, WA), as appropriate. All statistical tests were two sided and were performed at a 5% significance level (i.e., α=0.05).
Results
Translational readthrough screen of synthetic aminoglycosides in human epithelial cell lines To determine whether the synthetic aminoglycosides NB30 and NB54 induce enough translational readthrough of CFTR PTCs to partially restore CFTR function using a stimulated halide transport assay, we first tested the compounds using HeLa cells stably transduced with a lentiviral system driving CFTR-W1282X expression. Aminoglycoside-induced translational readthrough of CFTR PTCs was previously achieved in this cell line [6, 23] , which allows individual cells to be monitored for stimulated halide efflux using the halide-sensitive fluorescent dye SPQ. Following incubation of cells with NB30, NB54, or gentamicin (all at a dose of 500 μg/ml for 24 h), we found that forskolin (20 μM) and genistein (50 μM) stimulated halide transport to a similar extent under all three treatment conditions ( Fig. 2a) . At baseline, these cells also exhibited a small but detectable increase in stimulated halide transport over baseline, as previously reported [23] , probably due to basal activation of CFTR channels following treatment with forskolin and genistein.
To confirm the effects of aminoglycosides on readthrough in a more physiologically relevant cell type with endogenous CFTR expression, we next examined the IB3-1 bronchial epithelial cell line (CFTR genotype W1282X/ F508del) in comparison to a CF epithelial cell line derived from nasal polyps from a homozygous CFTR-F508del donor (CFNPE cells). Here, halide efflux monitored by the fluorescent dye SPQ was used to monitor CFTR function using a higher throughput, microtiter plate method in order to monitor halide efflux at different doses of each compound. Following incubation of cells for 24 h at the indicated concentrations of NB30, NB54, or gentamicin, we found that addition of the CFTR agonists forskolin (20 μM) and genistein (50 μM) stimulated halide efflux in IB3-1 cells, but had no detectable effect in CFNPE cells (Fig. 2b) . This indicated specificity for PTC suppression. In addition, NB30 and NB54 were each associated with dose-dependent increases in stimulated halide efflux. Cells treated with NB30 and NB54 at a dose of 1,000 μg/ml exhibited peak stimulated fluorescence that was 122% and 136% higher, respectively, than cells treated with vehicle alone. In contrast, cells treated with 125 μg/ml gentamicin showed a 115% increase in peak fluorescence as compared to cells treated with vehicle alone. Notably, we observed a reduced stimulation of halide transport in cells treated with 250 μg/ml gentamicin, although cell viability was not altered as determined using a luminescence cell viability assay (Fig. 2c) . These results suggested that an attenuation of readthrough occurs in the presence of higher concentrations of gentamicin. Cells tolerated NB30 and NB54 treatment at a concentration of 2,000 μg/ml, whereas this concentration of gentamicin reduced cell number indicative of toxicity. Based on these results, and the greater efficacy of NB54 in comparison to NB30 in ex vivo studies [20] , we prioritized this compound for additional testing in biologically relevant models of CF caused by PTCs. Fig. 2 Fluorescence-based halide efflux assay of cells expressing CFTR-W1282X following treatment with gentamicin, NB30, or NB54. a HeLa cells expressing CFTR-W1282X were grown on glass coverslips were treated with 500 μg/ml of the indicated aminoglycoside (gentamicin, NB30, or NB54) for 24 h, or mock treated with vehicle, and studied by fluorescence-based halide efflux (SPQ). Following perfusion of quenching buffer (NaI), dequench buffer was added (NaNO 3 , open arrow) followed by NaNO 3 with the CFTR agonists (closed arrow) forskolin (20 μM) and genistein (50 μM). Increased slope following addition of agonist represents activation of halide transport (P<0.001 for each aminoglycoside tested compared to vehicle control). Cell fluorescence was quenched with NaI at the end of the experiment for confirmation. Fluorescence was measured for 30-45 cells/condition. b IB3-1 cells (endogenous CFTR genotype W1282X/F508Del) were incubated with the aminoglycosides NB30, NB54, or gentamicin at the concentrations indicated for 24 h, and halide efflux was quantified by percentage change in fluorescence over basal compared to control following activation with forskolin (20 μM) and genistein (50 μM). Loading control cells were treated with vehicle (1% sterile water in media) in the same fashion. As a genotype control, CFNPE cells (F508Del/ F508Del) were treated in the same manner. c Number of viable IB3-1 cells was quantified by luminescence following treatment with the exact same conditions shown in b. *P<0.05, **P<0.005, ***P<0.0005; n=8/condition, ±SEM PTC readthrough by synthetic aminoglycosides in polarized epithelial monolayers Previous studies have shown that differences in cell type and cell polarization are known to affect the efficiency of CFTR processing [34] . To further test whether synthetic aminoglycosides can suppress PTCs and restore CFTR function in vitro, we next used I SC measurements to monitor stimulated chloride transport in polarized airway epithelial monolayers. In CFBE41o-cells stably transduced with a CFTR-W1282X cDNA, NB54 treatment (500 μg/ml) increased I SC 0.38 μA/cm 2 more than in cells treated with vehicle alone. This increase was also 0.31 μA/cm 2 greater than the stimulated I SC observed following gentamicin treatment (Fig. 3) . To test the more common CFTR-G542X allele and examine dose dependence, CFBE41o-human airway cells transduced with an adenovirus vector expressing a CFTR-G542X cDNA were tested following treatment with gentamicin or NB54. We observed a dose-dependent increase in stimulated chloride transport upon the sequential addition of forskolin (20 μM) and genistein (50 μM) following a 24-h incubation with gentamicin or NB54 but not in control cells treated with vehicle alone (Fig. 4 ). For each concentration tested (500, 1,000, and 2,000 μg/ml), NB54 elicited a larger increase in stimulated I SC than gentamicin in this cell line. Stimulated currents were sensitive to the CFTR-specific inhibitor CFTR Inh -172 (Fig. 4a) , confirming the specificity of the effect on CFTR-mediated anion transport. The most effective NB54 concentration tested (2,000 μg/ml) induced a total CFTR-dependent I SC following forskolin and genistein stimulation that was 17% of the activity seen in cells transduced with the corresponding wild-type CFTR construct (18.8 μA/cm 2 , Fig. 4b) . Notably, this concentration of NB54 resulted in 10.4% of the activity observed in cells expressing wild-type CFTR following stimulation with forskolin alone (17.8 μA/cm 2 ). Transepithelial resistance was similar for treated and untreated cells, indicating that significant cell toxicity did not occur under the conditions tested (Fig. 4c) .
Rescue of primary human airway epithelial monolayers Fully differentiated primary human bronchial epithelial monolayers (HBE cells) have been shown to be highly predictive of in vivo results with the CFTR modulator VX-770, a CFTR potentiator recently shown to increase CFTR channel open probability and enhance CFTR-dependent chloride secretion [25] . These cells also represent an excellent model to determine the ability of synthetic aminoglycosides to partially restore CFTR function by suppressing PTCs expressed by the endogenous promoter. We obtained primary HBE cells from a compound heterozygote subject (G542X/F508del) following a lung Fig. 3 Increased W1282X-CFTR dependent short-circuit current following incubation of synthetic aminoglycosides. a Representative short-circuit current tracings obtained from CFBE41o-expressing W1282X CFTR mounted in modified Ussing chambers and studied under voltage clamp conditions. In the setting of a chloride secretory gradient and amiloride (100 μM), CFTR dependent I SC was stimulated with forskolin (20 μM) followed by block with CFTR Inh -172 (10 μM). Cells were grown under polarized conditions at airliquid interface and treated with 500 μg/ml of gentamicin, NB30, NB54, or control conditions for 24 h prior to assay. Representative tracings using NB54 versus vehicle control are shown. b Summary data indicating forskolin-stimulated I SC . *P< 0.05; **P <0.005; ±SEM, n=16 Fig. 4 Short-circuit current assay of CFBE41o-cells transduced with an adenovirus expressing CFTR-G542X following treatment with gentamicin, NB30, or NB54. a Representative short-circuit current tracings of CFBE41o-cells were grown on air-liquid interface, transduced with adenovirus encoding CFTR-G542X, allowed to recover 48 h, and exposed to aminoglycosides (500 μg/ml) for 24 h. Monolayers were then mounted in modified Ussing chambers and examined under voltage clamp conditions. Cells were exposed to a chloride secretory gradient in the presence of amiloride (100 μM) then stimulated with sequential administration of the CFTR agonists forskolin (20 μM) and genistein (50 μM). CFTR Inh -172 (10 μM) was added to confirm CFTR dependence. b Mean stimulated shortcircuit currents measured in CFBE41o-cells transduced with adenovirus CFTR-G542X following treatment with the indicated doses of gentamicin or NB54. Short-circuit currents stimulated by forskolin and genistein are shown. *P<0.05, n=4 monolayers per condition, ±SEM. c Baseline transepithelial resistance for the experiments shown in b was measured under voltage clamp conditions prior to addition of ion transport agonists. No statistically significant differences were observed ±SEM transplant and examined the effects of NB54 on CFTR activity. These cells were cultured until fully differentiated monolayers formed [24, 35] and then were treated with either NB54 or gentamicin (250 μg/ml for 48 h). Concentrations were chosen based on previous experience with HBE cells and the limited number of cells available for study. We found that NB54 partially restored cAMPstimulated I SC under these conditions, while gentamicin did not (Fig. 5) . However, a comparable rescue of cAMPstimulated I SC induced by gentamicin was observed after a more extended treatment period (96 h). Due to limited availability of these primary HBE cells, the effect of NB54 treatment for 96 h could not be determined. However, the cAMP-stimulated I SC observed following NB54 treatment for 48 h (0.8 μA/cm 2 ) was significantly greater (P<0.05) than the same primary HBE cells treated with vehicle alone (0.4 μA/cm 2 ). The increase in current obtained was equivalent to achieving~9.4% of CFTR activity based on the differences in current observed in a panel of CF and non-CF HBE cells. Importantly, this level of CFTR function was previously shown to correlate with improved clinical outcomes in CF subjects based on genotype-phenotype correlations in the disease [36] . There was no significant difference in the transepithelial resistance of cells following NB54 (202.6±51.6 Ω cm 2 ) or gentamicin (141±4.9 Ω cm 2 ) treatment compared to vehicle alone (144±30.7 Ω cm 2 ), indicating that the treatment conditions used were not cytotoxic. From these experiments, we conclude that NB54 can induce a cAMP-stimulated I SC comparable to gentamicin in primary HBE cells and does so after a shorter treatment period.
Readthrough of CFTR-G542X in vivo induced by the synthetic aminoglycoside NB54 To examine whether NB54 could suppress a CFTR PTC in vivo, we next utilized a transgenic human CFTR-G542X (hCFTR-G542X) mouse line [17, [31] [32] [33] . In this mouse model, the hCFTR-G542X transgene is expressed from the rat intestinal FABP promoter in a mouse Cftr−/− background. Samples from the ileum of untreated Cftr+/+ littermates carrying the transgene were used as positive controls (Fig. 6a) , while corresponding samples from untreated Cftr−/− mice carrying the hCFTR-G542X transgene were used as negative controls (Fig. 6b) . Representative I SC measurements from Fully differentiated primary airway cells derived from a CF (G542X/ F508Del) donor were grown at air-liquid interface until terminally differentiated (e.g., 90% ciliated), and then treated with NB54, gentamicin, or vehicle (500 μg/ml) for the times indicated, then mounted in modified Ussing chambers under voltage clamp conditions. Short-circuit current was stimulated with forskolin (20 μM) in the presence of amiloride and a chloride secretory gradient, followed by block with CFTR Inh -172 (10 μM) to confirm CFTR dependence. Forskolin-dependent I SC is shown. *P<0.05, n=4-5 monolayers/ condition, ±SEM Fig. 6 cAMP-stimulated transepithelial chloride currents in ileum sections from mice treated with gentamicin or NB54. Representative short-circuit current tracings are shown from a untreated Cftr+/+ hCFTR-G542X mice (WT control), b untreated Cftr−/− hCFTR-G542X (negative control), c gentamicin-treated Cftr−/− hCFTR-G542X (60 mg/kg), and d NB54-treated Cftr−/− hCFTR-G542X (120 mg/kg). e Scatter plot of the total I SC data from Cftr−/− hCFTR-G542X mice (untreated, gentamicin treated, and NB54 treated) that combines the forskolin/IBMX and carbachol responses. f Mean transepithelial cAMP-stimulated short-circuit chloride currents in intestinal tissues (ileum) from mice treated with the indicated doses of gentamicin or NB54. Treatment consisted of a subcutaneous injection once daily with the indicated dose of compound for 2 weeks. Values are expressed as mean±standard deviation. *P<0.05, **P<0.01, ***P<0.001, n≥14/condition, ±SEM the ileum of mice treated with 60 mg/kg gentamicin (Fig. 6c) or 120 mg/kg NB54 are shown (Fig. 6d) .
A scatter plot of the total I SC (ΔI SC following forskolin/ IBMX + carbachol) from all Cftr−/− hCFTR-G542X mice (untreated, gentamicin treated, and NB54 treated) is presented in Fig. 6e , while an analysis of that data is represented in Fig. 6f . In Cftr+/+ hCFTR-G542X mice, ileal tissues yielded a mean cAMP-stimulated I SC of 161 μA/cm 2 10 min after forskolin/IBMX addition, and a further increase in I SC of 209 μA/cm 2 following the addition of carbachol (a muscarinic agonist that transiently enhances the cAMP-dependent chloride secretory response in intestinal tissues by activating Ca 2+ -dependent potassium channels in the basolateral plasma membrane [37] ). This yielded a total stimulated I SC (the sum of the two responses) of 370 μA/cm 2 . In contrast, stimulated responses were effectively absent in untreated Cftr−/− hCFTR-G542X control mice. We observed a mean I SC of 4.3 μA/cm 2 after forskolin/IBMX addition and a mean I SC of 8.6 μA/cm 2 following carbachol addition. This yielded a total stimulated I SC of only 12.8 μA/cm 2 (3.5% of WT). We initially compared the relative efficacy of gentamicin and NB54 to restore activated I SC , a measure of full-length CFTR protein function resulting from suppression of the hCFTR-G542X mutation. Each compound was administered once daily for 14 days by subcutaneous injection at doses ranging from 15 to 240 mg/kg (Fig. 6e, f) . These doses were chosen based on our prior experience with aminoglycoside dosing for PTC suppression in vivo, with the goal of comparing both the toxicity and PTC suppression potential of NB54 under conditions that met or exceeded the optimal doses previously established for gentamicin [31] [32] [33] . We observed significant increases in the total stimulated short-circuit currents at 30, 60, and 120 mg/kg gentamicin. For the 30 mg/kg dose, the mean total I SC measured was 40.4 μA/cm 2 . This increased to 61.8 μA/cm 2 in mice administered with 60 mg/kg gentamicin, the highest level of short-circuit current obtained with this compound. Mice treated with 120 mg/kg gentamicin showed a lower total I SC (41.8 μA/cm 2 ), suggesting that a narrow window existed for optimal PTC suppression by gentamicin in vivo (similar to our observations in the IB3-1 cell line). We were unable to administer 240 mg/kg gentamicin for the 2-week treatment period due to toxicity, as indicated by significant weight loss that necessitated termination of the treatment protocol.
Next, we examined the ability of NB54 to induce readthrough and restore CFTR activity in the Cftr−/− hCFTR-G542X transgenic mouse model. As before, NB54 was administered once daily by subcutaneous injection at doses ranging from 15 to 240 mg/kg (Fig. 6e, f) . We observed significant increases in the total stimulated short-circuit currents at 30, 60, and 120 mg/kg (33.8, 34.4, and 58.5 μA/cm 2 , respectively). In contrast to gentamicin, we did not observe an attenuation of total stimulated short-circuit current in mice administered with 120 mg/kg NB54. Furthermore, we were able to successfully administer NB54 to mice at a dose of 240 mg/kg, which resulted in a further increase in the total stimulated I SC to 65.6 μA/cm 2 . These data indicate that NB54 induced a level of PTC suppression in vivo that is comparable to the peak level obtained with gentamicin (although at a twofold higher dose), that NB54 exhibited peak PTC suppression over a broader range of doses than gentamicin, and confirmed the previous finding that NB54 is less toxic than gentamicin in vivo [19] .
To confirm that the stimulated I SC we observed in mouse intestine was due to partial restoration of human CFTR expression, we also carried out immunocytochemistry on samples from the mouse duodenum using a polyclonal antiserum that detects human CFTR, but not mouse CFTR [17, [31] [32] [33] . Only background staining was observed in untreated Cftr−/− hCFTR-G542X mice (Fig. 7a) . In contrast, hCFTR-specific fluorescence concentrated primarily to the apical region of columnar epithelial cells lining the intestinal glands was observed in mice treated with either 60 mg/kg gentamicin (Fig. 7b) or 120 mg/kg NB54 (Fig. 7c) . These results confirmed that the stimulated I SC observed correlated with the appearance of human CFTR protein at the apical surface of columnar cells in the intestinal glands following treatment with gentamicin or NB54.
Discussion
Previous studies have shown that aminoglycosides can suppress translation termination at disease-causing PTCs and partially restore the expression of functional proteins in mammalian cells (for reviews, see [38] [39] [40] ). In particular, gentamicin has been shown to suppress PTCs and partially restore protein expression in mouse models of Duchenne muscular dystrophy [10, 41] and CF [31, 32] . However, the use of aminoglycosides is commonly associated with serious side effects that limit long-term administration, including nephrotoxicity and ototoxicity [42, 43] .
Aminoglycosides currently used in the clinic were developed based on their antibacterial properties, rather than the ability to suppress PTCs in mammalian genes. These antibacterial properties correlate with some features of the toxicity associated with this class of compounds. Accordingly, we pursued strategies to design derivatives that maintain (or enhance) readthrough of mammalian PTCs, while simultaneously reducing antibacterial activity and mammalian cytotoxicity. Initial attempts led to the synthesis of the novel synthetic aminoglycosides NB30 [20] and NB54 [19] . NB30, a pseudosaccharide derivative of the clinical aminoglycoside paromomycin, showed reduced toxicity but only limited readthrough potential in cell-based reporter assays [21] . NB54 improved on NB30 by the addition of an (S)-4-amino-2 hydroxybutanoyl (AHB) group at the N-1 position, which is predicted to increase the binding affinity to helix 44 in the ribosomal decoding site (Fig. 1) . The AHB group is found on the aminoglycoside amikacin, which has been shown to induce PTC readthrough in CF models [32] . The importance of the AHB moiety is clearly demonstrated by the superior readthrough associated with amikacin compared to kanamycin A, which differs from amikacin only by the absence of the AHB moiety. Kanamycin A does not show measurable readthrough activity in mammalian translation systems [11] . In a preliminary study, the AHB modification on NB54 was shown to enhance readthrough in cell-based reporter assays while exhibiting a significantly lower toxicity profile than gentamicin [19] .
Here, we extended the characterization of NB30 and NB54 using a series of cell-based and in vivo CF model systems, and show that these agents maintain (and in some cases, enhance) readthrough efficacy while reducing toxicity. We tested the ability of these compounds to suppress two CFTR PTCs (G542X and W1282X) in a variety of CF cellular models, including heterologous CFTR expression systems, immortalized CF cell lines, and primary HBE cells isolated from a CF lung. In addition, we examined the ability of these compounds to suppress the human CFTR-G542X mutation in a transgenic mouse model. The broad range of CF models examined in this study provides a unique and comprehensive analysis of the efficacy and toxicity of these compounds for the treatment of CFTR PTCs. This study demonstrates for the first time that synthetic aminoglycosides rationally designed to augment readthrough have successfully suppressed PTCs in clinically relevant human cells and an animal model of this (or any) genetic disease.
We found that NB30 and NB54 treatment restored a level of cAMP-stimulated halide transport that was comparable to gentamicin in both HeLa cells stably transduced with a lentiviral system expressing CFTR-W1282X and in the IB3-1 bronchial epithelial cell line (W1282X/F508del, Fig. 2 ). While the doses of NB30 and NB54 required for maximal responses were generally higher than those required for gentamicin, the toxicity observed was also significantly less. The maximal I SC measured in CFBE41o-airway epithelial monolayers stably transduced with a lentivirus vector expressing CFTR-W1282X or an adenovirus vector expressing CFTR-G542X was consistently higher with NB54 than gentamicin, and NB54 was also nontoxic at these doses (Figs. 3 and 4) . NB54 also induced a cAMPstimulated I SC that was comparable to gentamicin in primary HBE cells carrying the CFTR-G542X mutation, and the induction of that response occurred sooner than we observed with gentamicin treatment (Fig. 5) . Notably, primary HBE cells were shown to correlate well with in vivo results in a recent study using the CFTR modulator VX-770 [25, 44] . When taken together, the results of these studies indicate that NB54 is capable of suppressing these Fig. 7 Human CFTR immunofluorescence in intestinal tissues from mice treated with gentamicin or NB54. Fixed tissue sections from the duodenum were incubated with CFTR-NBD1 antiserum that recognizes human, but not murine, CFTR. The human CFTR-specific primary antibody (rabbit IgG) was detected with anti-rabbit IgG (goat), Alexa Fluor 488-labeled secondary antibody (green). Nuclei were stained with DAPI (blue). Treatment consisted of a subcutaneous injection once daily with the indicated dose of compound for 2 weeks. a Samples from untreated Cftr−/− hCFTR-G542X, b samples from Cftr−/− hCFTR-G542X mice treated with 60 mg/kg gentamicin, and c samples from Cftr−/− hCFTR-G542X mice treated with 120 mg/kg NB54. A total of seven sections were examined for each strain and treatment condition with similar results CFTR PTC mutations at least as efficiently as gentamicin and is tolerated at higher concentrations in vitro. The differences in the effective doses of these compounds observed in different cell lines are most likely due to differences in their cellular uptake or the effects of baseline levels of expression, and highlight the importance of using a variety of complementary cell types to evaluate new compounds for PTC suppression. Other factors known to influence readthrough efficiency include nonsensemediated decay, the identity of the PTC to be suppressed, and the sequence context surrounding the PTC (particularly the first 3′ nucleotide). Our studies did not examine the relative effects of synthetic aminoglycosides on these factors, but they should be examined in future studies.
As a further test of the ability of NB54 to suppress CFrelated PTCs, we examined the propensity of NB54 to restore human CFTR expression in Cftr−/− hCFTR-G542X transgenic mice (Fig. 6 ). We found that NB54 induced significant and dose-dependent increases in stimulated I SC in Cftr−/− hCFTR-G542X transgenic mice, resulting in 15.8% of the current measured in WT mice at a dose of 120 mg/kg. This level of stimulated I SC was comparable to the maximal response obtained with gentamicin (60 mg/kg). While a higher dose of NB54 was required to restore a comparable level of CFTR activity, we found that NB54 was also tolerated at higher doses in vivo. When taken together, these results indicate that NB54 can induce comparable readthrough of CFTR PTCs in vitro and in vivo and is also significantly less toxic than gentamicin. Since it was demonstrated in a previous study that gentamicin and PTC124 (ataluren) restored a comparable level of CFTR activity in the same hCFTR-G542X Cftr−/− mouse model [17] , the level of CFTR function restored by NB54 should be similar to PTC124 as well.
The overall concordance of the relative levels of PTC suppression obtained following NB54 treatment in most of the CF models tested was reassuring, given that major differences in exposure and/or drug uptake by cultured cells relative to murine tissues are likely. The uptake of aminoglycosides by cultured cells is probably primarily driven by constant high concentrations of the compound in the culture medium, resulting in nonspecific uptake playing a prominent role. In contrast, once daily administration used in the animal model results in a transient peak serum level minutes after administration, followed by re-equilibration to a trough level shortly thereafter [32] . This inherently short serum half-life relegates a majority of the uptake to different (and potentially more specific) aminoglycoside transport mechanisms, such as the cationic endocytic receptor megalin [45] . While the differences between the results in vivo and in the cell lines were generally small, they also point to the continued need to determine the model systems most predictive of response to readthrough agents in the clinic.
The results described in this study have important implications. First, they provide the first demonstration that a synthetic aminoglycoside specifically designed to maintain PTC suppression with significantly reduced toxicity can partially restore protein function in an animal model of a genetic disease [19] . They also support testing the synthetic aminoglycosides NB30 and NB54 in models of other genetic disorders caused by nonsense mutations. Finally, the current results support continuing systematic research efforts towards the development of synthetic aminoglycosides to maximize drug-induced suppression while minimizing toxicity. Further progress in this regard could provide additional advantages in efficacy and longterm tolerability that may be necessary to support the widespread use of this novel therapeutic approach to treat genetic diseases caused by nonsense mutations.
